Nonthyroidal illness syndrome (NTIS) is a state of low serum 3,5,3′ triiodothyronine (T 3 ) that occurs in chronically ill patients; the degree of reduction in T 3 is associated with overall prognosis and survival. Iodothyronine deiodinases are enzymes that catalyze iodine removal from thyroid hormones; type I and II deiodinase (D1 and D2, respectively) convert the prohormone thyroxine T 4 to active T 3 , whereas the type III enzyme (D3) inactivates T 4 and T 3 . Increased production of cytokines, including IL-6, is a hallmark of the acute phase of NTIS, but the role of cytokines in altered thyroid hormone metabolism is poorly understood. Here, we measured the effect of IL-6 on both endogenous cofactor-mediated and dithiothreitol-stimulated (DTT-stimulated) cell sonicate deiodinase activities in human cell lines. Active T 3 generation by D1 and D2 in intact cells was suppressed by IL-6, despite an increase in sonicate deiodinases (and mRNAs). N-acetylcysteine (NAC), an antioxidant that restores intracellular glutathione (GSH) concentrations, prevented the IL-6-induced inhibitory effect on D1-and D2-mediated T 3 production, which suggests that IL-6 might function by depleting an intracellular thiol cofactor, perhaps GSH. In contrast, IL-6 stimulated endogenous D3-mediated inactivation of T 3 . Taken together, these results identify a single pathway by which IL-6-induced oxidative stress can reduce D1-and D2-mediated T 4 -to-T 3 conversion as well as increasing D3-mediated T 3 (and T 4 ) inactivation, thus mimicking events during illness.
Introduction
Nonthyroidal illness syndrome (NTIS; also known as sick euthyroid syndrome) refers to characteristic changes in thyroid hormone levels in critically ill patients. The acute phase of critical illness, observed in a variety of clinical situations, is marked by low 3,5,3′ triiodothyronine (T 3 ) and high serum reverse T 3 (rT 3 ). When patients enter the chronic phase of illness, there is also a decrease in circulating T 4 , as well as a further reduction in the T 3 /rT 3 ratio, whereas thyroid-stimulating hormone (TSH) typically remains within the normal range (1, 2) . Thus, whereas in the initial phase of illness the changes occur primarily in the peripheral metabolism of thyroid hormones, neuroendocrine abnormalities predominate in prolonged illness. Whether and to what extent these changes reflect a protective or a maladaptive process still remains controversial. The degree of reduction in thyroid hormone levels in sick patients, however, is correlated with prognosis and survival (3, 4) . The pathogenesis of these multifactorial endocrine alterations is not fully understood.
Iodothyronine deiodinase types I (D1, encoded by DIO1), II (D2, encoded by DIO2), and III (D3, encoded by DIO3) are oxireductases that catalyze iodine removal from the outer (D1 and D2) or inner ring (D3) of thyroid hormones (5) . Whereas D1 and D2 convert T 4 to the active hormone T 3 , D3 inactivates both T 4 and T 3 . In humans, 80% of peripheral T 3 originates from deiodination of the prohormone T 4 by D1 and D2. The most common abnormality in patients with NTIS is a decrease in circulating T 3 levels, caused mainly by reduced conversion of T 4 to T 3 (6, 7) . However, increased inactivation of thyroid hormone by increased D3 also plays a role, since recent studies of NTIS patients showed robust stimulation of D3 in both liver and skeletal muscle. The increased D3 causes further decreases in serum T 3 and increases in serum rT 3 (3, (7) (8) (9) . The role of D2 in NTIS is still unclear: some studies report a decrease of D2 activity (3), whereas others are indicative of unaltered (10) or even augmented D2 activity in skeletal muscle of severely ill patients (11) . These apparently discrepant results could be partially explained by difficulties in accurately quantitating the low D2 activity in muscle (12) .
All 3 deiodinases require an as-yet undefined cofactor, probably a thiol, which acts as a reducing agent releasing iodine from the selenocysteine residue and regenerating the active enzyme. Early studies of D1 suggested that the endogenous cofactor might be glutathione (GSH) or thioredoxin, because both were effective in supporting catalysis (13) (14) (15) . Little is known of the endogenous cofactor for D2 or D3, although a recent report shows that D2 activity is stimulated by GSH and thioredoxin (16) . Of note, most studies have measured deiodinase activity in the presence of dithiothreitol (DTT), which allows only for estimates of the maximal deiodinase activity (V max ) and does not address in vivo function with the available endogenous cofactor. Thus, even if V max is normal, endogenous function may be impaired during critical illness.
Given that NTIS occurs in response to virtually any illness or surgical stress, the primary signal is likely to be a factor common to all these conditions. In this context, particular attention has been focused on the cytokines, which are elevated as a generalized response to illness (17) . A single dose of IL-6 given to healthy humans causes a transient decrease in serum T 3 and an increase in rT 3 , changes that are characteristic of the NTIS (18) . In hospitalized patients, there is an inverse correlation between serum IL-6 and serum T 3 concentrations (19) (20) (21) (22) . Cytokines inhibit the expression and function of D1 in HepG2 human hepatocellular carcinoma cells, whereas studies of rat hepatocyte cells have demonstrated that IL-1 and IL-6 impair T 3 -mediated induction of Dio1 mRNA by a mechanism that involves thyroid hormone receptor interaction (23, 24) . Nonetheless, it seems unlikely that D1 inhibition alone would account for the nearly 70% decrease in serum T 3 levels typical of NTIS patients (7, 10) , especially since both clinical and experimental data suggest that D2-catalyzed T 4 -to-T 3 conversion is an important source of circulating T 3 (5, 25) . The results of studies of effects of cytokines on D2 activity in human skeletal muscle cells have been contradictory. At IL-6 concentrations of 1,000 ng/l, present in many critically ill patients, there was inhibition of D2 activity, whereas no changes occurred at higher concentrations (10,000ng/l; ref. 26 ). To our knowledge, there are no data available on the effect of cytokines on D3 activity.
In the present study, we used a previously described approach to examine the acute effects of IL-6 on deiodinase function catalyzed by the endogenous cofactors in human cells expressing endogenous deiodinases, as well as the maximal deiodinase activity of the same cell sonicates in the presence of DTT (5) . Cells were exposed to IL-6 concentrations spanning normal to high ranges (10, 27) . In this way, we were able to differentiate between the effects of cytokine-induced changes in the endogenous cofactor versus those on the quantities of the deiodinase proteins per se.
Results

IL-6 decreases D2-mediated deiodination in intact cells.
Given the limited information regarding D2-mediated T 4 -to-T 3 conversion during NTIS, we first exposed HEK-293 cells transiently expressing D2 to various IL-6 concentrations at physiological free T 4 (FT 4 ) concentrations (20 pM) and monitored T 3 production via 125 I release. The production of T 3 from outer ring-labeled T 4 in intact cells can be analyzed by measuring the level of either [ 125 I]T 3 or 125 I -in the medium, since we have previously demonstrated that equimolar amounts of both products are generated in this system (5) .
T 3 production at IL-6 concentrations of 5 or 25 ng/l, typical of those in healthy individuals, did not differ from that of controls ( Figure 1, A and B) . However, a decrease in D2-mediated T 4 deiodination was observed when IL-6 concentrations similar to those in critically ill patients (500 ng/l or higher) were used ( Figure 1A) . In contrast, 6 or 30 ng/l of TNF-α or IL-1β caused no changes in D2 activity ( Figure 1A ), which suggests that, at these concentrations, this effect is specific for IL-6.
The decrease in D2-catalyzed T 4 -to-T 3 conversion induced by IL-6 was dose dependent and already observed after a 2-hour incubation period (Figure 1 , B and C). Because NTIS patients often develop hypothyroxinemia, we also measured D2 activity at a low Changes elicited by IL-6 in HEK-293 cells transiently expressing D2. IL-6 concentrations, as observed in critically ill patients, inhibited D2 deiodination by intact cells (A) in a dose-dependent fashion (B), an effect already observed after 2 hours of incubation (C). The effects of IL-6 on intact cell T3 production were unaffected by low FT4 (D) or elevated rT3 levels (E). In contrast, similar doses of IL-6 enhanced D2 activity on DTT-stimulated assay in sonicated cells (F). Data are mean ± SD of at least 3 independent experiments. The net iodide release in this system is specific and equivalent to T3 production (5). *P < 0.001 versus control.
FT 4 concentration (2 pmol/l). Again, D2 activity was not changed at IL-6 concentrations of 5 or 25 ng/l, but a significant decrease was observed at 500 ng/l ( Figure 1D ), which indicates that IL-6-induced D2 inhibition is unaffected by low FT 4 levels. Since rT 3 is known to downregulate D2 activity at a posttranscriptional level and is elevated in NTIS patients, we tested whether rT 3 also interferes with D2 activity. Levels of rT 3 observed in critically ill patients (1.18 nmol/l) did not change enzyme activity ( Figure 1E ). Remarkably, in contrast to the significant decrease of D2-catalyzed deiodination by intact cells, 500 ng/l IL-6 caused a significant increase in DTT-stimulated D2 activity in cell sonicates ( Figure 1F ), which indicates that V max of D2 increased despite the reduced deiodination by intact cells.
Deiodination rates in cells expressing endogenous D2. To determine whether endogenous human D2 under control of its homologous promoter would show the same characteristics as those found in HEK-293 cells transiently expressing recombinant D2, we performed similar experiments using MSTO-211 human mesothelioma and TT human medullary carcinoma cell lines, both of which express D2 (28, 29) . Similar to the results obtained in intact HEK-293 cells, T 3 production by MSTO-211 cells was diminished in the presence of 500 ng/l IL-6, whereas in sonicates, D2 activity increased ( Figure 2, A and B) . Identical results were obtained in TT cells (data not shown).
We also evaluated the effect of IL-6 on DIO2 mRNA levels to determine the cause of the increase in D2 protein. IL-6 induced a marked increase in DIO2 mRNA ( Figure 2C ), which indicates that it stimulated D2 expression at a transcriptional level. To determine which transduction pathways were involved in activation of the DIO2 gene, MSTO-211 cells were pretreated for 20 minutes with 5 μM of the MAPK inhibitors U0126 or SB203580 before IL-6 addition. At the 5 μM concentration, U0126 acts by inhibiting the MAPK cascade, preventing the activation of ERK and its pathways, whereas SB203580 directly inhibits the p38 MAPK pathway (30) . These actions are specific at these concentrations and do not affect other MAPK cascades. We observed that both U0126 and SB203580 blocked DIO2 mRNA induction by IL-6 ( Figure 2C) .
N-acetyl-L-cysteine (NAC) prevents the effects of IL-6 on D2-mediated deiodination, but not the IL-6-induced increase of DIO2 mRNA. Since the increased D2 activity in cell sonicates was paralleled by increased DIO2 mRNA levels, we speculated that the decrease in D2 deiodination by the intact cells in culture could be caused by generation of ROS and resultant oxidative stress (31, 32) . Initially, we evaluated 30-minute pretreatment with 2 mM NAC, an antioxidant that increases intracellular GSH. Interestingly, the inhibitory effect of 500 ng/l IL-6 on D2-mediated deiodination was Changes elicited by IL-6 in cells expressing endogenous D2. IL-6 decreased D2-catalyzed T4-to-T3 conversion in MSTO-211 cells (A), whereas it enhanced D2 maximal velocity in the DTT-stimulated assay in cell sonicates (B). The IL-6-induced increase in D2 protein was paralleled by an increase in its respective mRNA, which was blocked by preincubation with MAPK cascade inhibitors U0126 (ERK pathway) and SB203580 (p38 pathway) (C). DIO2 mRNA levels of control cells were set as 1. Data are mean ± SD of at least 3 independent experiments. *P < 0.001 versus control.
Figure 3
NAC abolishes the inhibitory effect of IL-6 on D2-mediated T3 production in MSTO-211 cells in a dose-dependent manner. 2 mM NAC abolished the effect of 500 ng/l IL-6 (A), but higher amounts of NAC (20 mM; B) were necessary to overcome the effect of 1,000 and 2,000 ng/l IL-6. IL-6 induced DIO2 mRNA, and this effect was not blocked by 2 mM NAC (C). DIO2 mRNA levels of control cells were set as 1. Data are mean ± SD of at least 3 independent experiments. *P < 0.0001 versus control.
abolished by addition of 2 mM NAC, but D2 decreases at higher cytokine concentrations were maintained ( Figure 3A ). In this case, pretreatment with 20 mM NAC completely blocked even the effects of higher concentrations of IL-6 on cellular D2 deiodination ( Figure 3B ). However, pretreatment with NAC did not prevent DIO2 mRNA induction by IL-6 ( Figure 3C ), which indicates this was caused by a ROS-independent effect of the cytokine.
Effect of IL-6 on D1 and D3 action in intact cells and in cell sonicates. We next evaluated the effect of IL-6 on the D1-mediated T 4 -to-T 3 conversion in HepG2 human hepatocarcinoma cells. The effects of IL-6 were similar to those found for D2. D1-mediated T 3 production decreased in a dose-dependent manner in intact cells ( Figure  4 , A and B). The effect of IL-6 on D1 in intact cells was preserved at low FT 4 , but was abolished by NAC addition ( Figure 4 , C and D). Despite this, DTT-mediated catalysis by D1 was modestly increased in sonicates of the same cells ( Figure 4E ). Moreover, IL-6 treatment increased DIO1 mRNA, and this effect was abolished by U0126 and SB203580 ( Figure 4F ).
As mentioned above, increased D3 expression has been previously demonstrated in liver and skeletal muscle of NTIS patients (3, (8) (9) (10) . To determine whether this effect could also be mediated by IL-6, we evaluated human D3 activity using the same model system. Because the concentrations of T 3 deiodination products in the media were too low to be accurately measured by paper chromatography, Sephadex LH-20 chromatography was used to quantify [ 125 (33, 34) . As shown in Figure 5A , using identical amounts of the same cell protein (100 μg), the pattern of separation of the deiodination products obtained with column elution fractions showed excellent correlation with paper chromatography.
IL-6 caused a significant increase in D3 activity during incubation with intact MCF-7 human breast carcinoma cells in a dose-and time-dependent fashion ( Figure 5 , B and C); this was prevented by 30 minutes of preincubation with NAC ( Figure 5D ). IL-6 also increased DTT-stimulated D3 sonicate activity ( Figure 5E ), which was paralleled by an increase in DIO3 mRNA. This putative transcriptional effect was abolished by 20 minutes of preincubation with 5 μM U0126 or SB203580, but not by 2 mM NAC ( Figure 5F ).
IL-6 induces ROS in cultured human cells.
We next measured the amount of intracellular ROS generated by IL-6 in cultured HEK-293, MSTO-211, HepG2, and MCF-7 cells. All cell lines were preincubated for 30 minutes with 5-(and 6)-chloromethyl-2′7′-dichlorodihydrofluorescein diacetate (CM-H2-DCFDA) and then treated with increasing levels of IL-6. As a positive control, we used H 2 O 2 (100 μM), commonly used as an inducer of oxidative stress in cultured cells and in other systems. Addition of 500, 1,000, or 2,000 ng/l IL-6 to culture media significantly increased intracellular ROS in all cell lines in a dose-dependent fashion ( Figure 6 ). The most prominent effect was observed in MSTO-211 cells; MCF-7 cells exhibited a lesser, but still significant, response. This variation may reflect differences in the response to oxidative insult in different cell lines (35) .
We also evaluated whether the effects of H 2 O 2 on D1, D2, and D3 deiodination would be similar to those observed with IL-6. Adding 15-60 μM H 2 O 2 to cell media replicated the IL-6-induced decrease in D1 and D2 deiodination, and this was prevented by 30 minutes of pretreatment with 2 mM NAC (Figure 7, A, B, D , and E).
Figure 4
IL-6 decreases D1-catalyzed T4-to-T3 conversion in HepG2 cells. IL-6 inhibition of D1-catalyzed T3 production in intact cells was dose-dependent (A) and already observed after 2 hours of incubation (B). The effect of IL-6 was not altered by low FT4 levels (2 pM; C) and was abolished by the addition of 2 mM NAC to culture media (D). In contrast, IL-6 stimulated D1 activity in the DTT-stimulated assay in HepG2 cell sonicate (E). DIO1 mRNA levels in HepG2 cells were induced by IL-6, and this effect was blocked by U0126 or SB203580, but not by 2 mM NAC (F). DIO1 mRNA levels of control cells were set as 1. Data are mean ± SD of at least 3 independent experiments. *P < 0.001 versus control.
H 2 O 2 treatment elicited an increase in DIO1 and DIO2 mRNA levels, which was abolished by U0126 and SB203580 ( Figure 7 , C and F). However, in contrast to what we observed with IL-6, H 2 O 2 induction of deiodinase mRNA levels was prevented by the presence of NAC. These findings indicate that ROS-mediated MAPK activation also stimulates deiodinase gene transcription.
In contrast, an H 2 O 2 -induced increase in D3-mediated T 3 inactivation was already apparent at 15 μM ( Figure 7G) . Similarly, this H 2 O 2 effect was abolished by 30 minutes of pretreatment with 2 mM NAC ( Figure 7H ). H 2 O 2 incubation also increased DIO3 mRNA levels as a result of MAPK pathway activation ( Figure 7I ).
IL-6 reduces intracellular, but not extracellular, GSH. It was puzzling that IL-6 increased endogenous D3 activity in intact cells in parallel with D3 protein (and DIO3 mRNA), whereas D1 and D2-mediated catalysis by intact cells was reduced under similar conditions. These apparently conflicting results could be explained by variations in the response of different human cell lines to the induction of oxidative stress or differences in the response of the deiodinases to such effects. Confocal microscopy studies have identified D2 in the endoplasmic reticulum with the carboxy terminus in the cytosol, whereas D1 and D3 are located in the plasma membrane, with the active center of D1 also predicted to be in the cytosolic compartment (36) (37) (38) . The location of D3 is less clear. Like D1 (but not D2), D3 can be labeled by covalent cell-impermeant alkylating agents such as sulfo-biotin. Since IL-6 alters GSH/oxidized GSH (GSH/ GSSG) shuttling and recycling, leading to intracellular GSH depletion as a result of ROS formation (39, 40) , extracellular location of the catalytic portion of D3 might give it access to extracellular GSH (or other cofactor substitutes), which would explain why decreased intracellular GSH is not a rate-limiting factor for D3 function.
To examine these issues, we measured extracellular and intracellular GSH after IL-6 treatment. Addition of 500 or 1,000 ng/l IL-6 to culture media modestly, but significantly, decreased extracellular GSH in incubations with HEK-293 cells, but not with HepG2, MSTO-211, or MCF-7 cells ( Figure 8A ). Conversely, IL-6 induced a dose-dependent decrease in intracellular GSH levels in all cell lines, mirroring the results obtained for intracellular ROS measurements ( Figure 6 and Figure 8A ).
Figure 5
IL-6 induces D3 expression in MCF-7 cells. (A) Chromatographic patterns of the products of D3-mediated T3 deiodination, determined by Sephadex LH-20 columns (top) or paper chromatography (bottom). IL-6 augmented intact cell T3 inactivation by D3 in a dose-and time-dependent fashion (B and C). D3 activity returned to control levels in the presence of NAC (D). D3 activity in cell sonicates and DIO3 mRNA levels were induced in the presence of 500 ng/l IL-6 (E and F). The effect of IL-6 on DIO3 mRNA levels was blocked by U0126 and SB203580, but not by 2 mM NAC. DIO3 mRNA levels of control cells were set as 1. Data are mean ± SD of at least 3 independent experiments. *P < 0.001 versus control. To investigate whether the D3-specific cellular localization could explain its positive response to IL-6, we evaluated transiently expressed D1, D2, and D3 in intact HEK-293 cells in the presence or absence of 4 mM GSH, taking advantage of the fact that GSH does not cross the plasma membrane (41) . As expected, 500 ng/l IL-6 caused a decrease in D1 and D2 activities, and this was not prevented by extracellular GSH ( Figure 8B ). However, in contrast to the results obtained in intact cells expressing endogenous D3 (MCF-7 cells; Figure 5A ), D3 activity transiently expressed in intact HEK-293 cells was decreased by IL-6 in a dose-dependent fashion. Addition of 4 mM GSH to the culture media restored D3 activity to control levels ( Figure 8 , B and C), which suggests that portions of D3 critical for its function are accessible to extracellular GSH and that this can overcome the adverse effects of intracellular thiol deficiency on D3 function.
Discussion
In vivo studies of illness and of IL-6 infusion, while showing that T 4 and T 3 metabolism is rapidly perturbed, do not tell us which deiodinases are affected, how they are altered, or what is the mechanism. Without exception, all studies of the deiodinases in sick humans or animals have measured only the V max of the enzymes (equivalent to the level of the protein), not their in vivo function. It is not possible to estimate this other than by speculating about what might be happening based on decreased T 3 and increased rT 3 . These changes are ambiguous as indicators of in vivo deiodinase function, since they can be caused by reduced D1 (and D2), increased D3, or both.
Using intact human cells in culture systems that mimic the physiological actions of the endogenous deiodinase cofactor(s) and FT 4 , we demonstrated here that IL-6 inhibited T 3 production by recombinant or endogenous D1 and D2 (Figures 1-4) . Surprisingly, however, the quantities of both D1 and D2 in sonicates of the same cells as assayed in the presence of DTT were simultaneously increased. The increases in D1 and D2 proteins were paralleled by an increase in the respective mRNAs for both enzymes. Thus, IL-6 blocks the catalytic activity of increased amounts of D1 and D2, possibly by interfering with the effects of endogenous cofactors. Addition to the culture medium of NAC, an antioxidant that increases intracellular GSH levels, completely prevented the inhibitory effect of IL-6 on D1-and D2-mediated T 4 -to-T 3 conversion. This was consistent with the hypothesis that IL-6 inhibits the function of endogenous D1 and D2 by increasing cellular ROS, thereby reducing GSH, or a GSH-dependent endogenous cofactor for D1 and D2 (Figures 6 and 8) . In contrast, IL-6 stimulated endogenous D3-mediated inactivation of T 3 by intact MCF-7 cells, accurately reflecting the increase in cell sonicate D3 (and its mRNA). Taken together, these results suggest that IL-6-induced oxidative stress impairs D1 and D2 function while augmenting that of D3, consequently reducing T 3 production and accelerating its inactivation as well as converting T 4 to rT 3 , mimicking the events in critically ill patients. This hypothesis is supported by the identical effects of H 2 O 2 ( Figure 7) . Our results also imply major differences between the functional response of D1 and D2 -as opposed to that of D3 -to oxidative stress, as discussed below. Oxidative stress, caused by augmented ROS or reactive nitrogen species (RNS) generation, is characteristic of many diseases that are associated with NTIS. Patients usually have reduced plasma and intracellular levels of antioxidant scavenging molecules, including GSH, as well as decreased activity of the antioxidant enzymatic system involved in ROS detoxification (41) (42) (43) . The increased production of proinf lammatory cytokines such as IL-6, a typical feature in NTIS, has been implicated in this process, since it leads to a significant increase in superoxide radical production through the enzyme complex of the NADPH oxidase pathway (40) . The augmented reactive species in turn depletes intracellular GSH, decreasing the GSH/GSSG ratio (31, 40, 44) .
Changes in the intracellular redox state can decrease deiodinase function by independent mechanisms. When ROS is increased, it is likely that the putative thiol cofactors required for these enzymes are depleted, thus impairing reactions that require a reductive intracellular environment. Moreover, increased ROS generation can lead to protein modifications (e.g., oxidation of cysteinyl sulfhydryl groups) which in turn can affect protein function (45, 46) . Upon oxidation, the cysteine residues within proteins can be modified to different products, including reversible inter-or intramolecular disulfide bonds and GSH-mixed disulfides. This might be particularly relevant for deiodinase function (47, 48) . Moreover, recent studies have demonstrated that selenocysteine incorporation is reduced substantially after treatment of cells with agents that cause oxidative stress as a result of nuclear sequestration of SECIS-binding protein 2, which, under such conditions, may represent a mechanism to regulate the expression of selenoproteins (45, 47) . In fact, deiodinase translation seems inhibited since, in all of the experiments, the increase in sonicate V max was less pronounced
Figure 7
H2O2 mimics the effects of IL-6 on D1, D2, and D3 deiodination in intact cells. H2O2 decreased D1 (HepG2; A) and D2 (MSTO-211; D) and enhanced D3 (MCF-7; G) activities, as measured in intact cells, in a dose-dependent fashion; its effect was abolished in the presence of 2 mM NAC (B, E, and H). H2O2 induced DIO1, DIO2, and DIO3 mRNA levels, and this effect was blocked by U0126 and SB203580 and by 2 mM NAC (C, F, and I). DIO1, DIO2, and DIO3 mRNA levels of control cells were set as 1. Data are mean ± SD of at least 3 independent experiments. *P < 0.0001 versus control.
than that of the respective mRNA. Of course, this effect could well affect other enzymes, such as thioredoxin reductase or the GSH peroxidases, which are important components of the redox defense system.
In contrast to the impairment of D1 and D2 function we observed in intact cells, IL-6 induced an increase of both transiently expressed and endogenous D1 and D2 in cell sonicates ( Figures  1, 2 , and 4), as measured in the presence of the potent thiol cofactor DTT. Although this seems paradoxical, it can be explained by the fact that DTT negates effects of any deficiency in endogenous cofactor and could as well reverse the adverse effects of cysteinyl sulfhydryl oxidation on enzyme function. For example, exposure of D2-expressing cells to diamide, which depletes GSH, inactivates the enzyme, whereas addition of DTT rapidly regenerates its function (49) . Thus, measurements of D1 and D2 activities in cell sonicates under ideal conditions, namely with an excess of artificial enzyme cofactor (DTT) and substrate, does not necessarily reflect the physiological intracellular ambient conditions that are better reproduced by intact cell assays. Accordingly, it has been recently demonstrated that the potent thiol DTT alters the in vivo catalytic properties of the D2 enzyme (16) . It is likely that results obtained from all sonicate assays with high DTT mask not only a deficiency of endogenous cofactors, but also potential oxidative damage to the deiodinase proteins, jeopardizing conclusions regarding deiodination function in vivo during illness.
Consistent with the increase in deiodinase activities in DTTcatalyzed sonicate assays, we observed an IL-6-elicited increase in all 3 deiodinase mRNAs that involved the p38 MAPK and ERK pathways. Stimulation of the IL-6 signaling pathway occurs via the IL-6 receptor/gp130 receptor and initiates IL-6 signal transduction. Ligand binding to the IL-6 receptor followed by the assembly of the receptor complex leads to initiation of the JAK/STAT pathway as well as to MAPK and ERK cascade activation (50) (51) (52) . The activation of these MAPK cascades activates cAMP response element-binding protein (CREB), a known inducer of Dio1, Dio2, and Dio3 gene transcription (30, (53) (54) (55) . Of note, CREB is involved in the oxidative stress response, a newly recognized concept that may be implicated in several pathological events (53) . The effects of oxidative stress on deiodinase expression were further confirmed by exposing the cells to H 2 O 2 , a commonly used ROS. Similar to IL-6, H 2 O 2 induced a dose-dependent decrease in D1 and D2 while increasing D3 activities (Figure 7 ). H 2 O 2 also increased deiodinase mRNAs by a mechanism that involved MAPK activation (Figure 7) . The system developed in these experiments allowed us to evaluate, for the first time to our knowledge, the effect of IL-6 on deiodinases under conditions observed in vivo in the early phase of NTIS and to show that IL-6 replicated the in vivo effects of illness on thyroid activation and inactivation in human cells expressing endogenous deiodinases. It did so despite an IL-6-induced increase in the enzyme levels by increasing ROS, which seems logical since we know that a thiol cofactor is required to support catalysis by the deiodinases.
Consistent with clinical studies showing that serum T 3 concentrations are the first parameter to change and the last to recover (1, 2, 7), the effect of IL-6 was already apparent within a 2-hour exposure of the cells to this cytokine ( Figure 1C and Figure 4B ) and was prevented by the potent antioxidant NAC (Figure 4 , B and C), which increases intracellular GSH synthesis. It is unlikely that the acute decrease in serum T 3 is caused by a decrease in D1 protein, given the relatively long half-life of human D1 protein (~12 hours; ref. 56); this is supported by previous studies in animal models that suggest that the decrease in T 3 levels precedes the decrease in Dio1 mRNA and activity (57) . Moreover, increased D3 expression was previously demonstrated in the liver and muscle of sick patients (3, (8) (9) (10) and in the hearts of rats subjected to myocardial infarction, proposed as a model of NTIS (58) .
The effect of IL-6 on deiodinase mRNAs was consistent with studies demonstrating increases in Dio2 mRNA and activity during the acute phase of chronic inflammation, probably due to activation of the cAMP pathway (59) . On the other hand, oxidative stress induced by H 2 O 2 increases Dio2 and Dio3 gene transcription and D3 activity in cultured rat astrocytes (30) , whereas pretreatment with an antioxidant prevents the increase in Dio3 mRNA levels in rats with pathological ventricular hypertrophy (60) , which suggests that oxidative stress is involved in these processes.
Nonetheless, since all 3 deiodinases are selenocysteine-containing, thiol-interacting oxireductases, it was expected that these enzymes would be equally sensitive to the redox alterations. Thus, why was the increase in D3 protein reflected by an increase in D3 function, but the increases in D1 and D2 proteins were not? The extracellular location of a portion of D3, a characteristic not shared by D1 and D2, could allow its access to extracellular GSH, possibly explaining why a decrease in intracellular GSH is not rate limiting for D3 function, but is for D1 and D2. This is in accordance with our results in HEK-293 cells demonstrating that, although IL-6 induced a decrease in the function of all 3 transiently expressed deiodinases, only D3 function was restored by the addition of GSH to the culture media ( Figure 8 , B and C). This presumption is reinforced by the fact that GSH does not readily cross the cell membrane (41, 61) and is consistent with earlier cell-biological studies mentioned above (36) (37) (38) . Therefore, it seems possible that D3 is protected by extracellular GSH during the process of D3 endosomal internalization or that its active center is facing outward, thus explaining why its activity in intact cells parallels the D3 activity in sonicates of the same cells.
In conclusion, our findings demonstrated that pathophysiologically relevant concentrations of IL-6 reduce D1 and D2 function and increase that of D3, providing a single mechanistic explanation for the decreased serum T 3 and increased rT 3 observed in the acute phase of NTIS (Figure 9 ). The decrease in D1 will both reduce plasma T 3 production and impair rT 3 deiodination, while the decrease in D2 will supplement this by impairing intracellular T 4 -to-T 3 conversion. On the other hand, the increased D3 protein, which has its function preserved by its more ready access to GSH (or other extracellular reducing agents), will further decrease plasma T 3 and increase the production of rT 3 from T 4 . The general increase in the cellular deiodinase proteins is caused by a combination of IL-6-induced ROS (also found with H 2 O 2 ) and specific activation of JAK/STAT pathways by this cytokine. Although other factors in sick patients may also contribute to NTIS, these observations and unifying hypothesis represent a major step forward in unraveling this longstanding enigma, leading to what we believe to be a previously unrecognized combinatorial pathway that may be viewed largely as a general response to oxidative stress. Our results therefore suggest that rather than a protective or a maladaptive
Figure 9
Proposed mechanism for the effects of IL-6 resulting in NTIS.
process, the changes in plasma T 4 , T 3 , and rT 3 are a consequence of cellular stress. Whether antioxidants, such as NAC, could be beneficial as an adjuvant therapy together with other therapeutic measures in critically ill patients remains to be evaluated. , and HepG2 cells were grown and maintained in DMEM supplemented with 10% FBS, whereas MSTO-211 and TT cells were cultured in RPMI medium supplemented with 10% FBS. Cells were maintained at 37°C in a humidified atmosphere of 5% CO2 and 95% air, and the culture medium was changed 3 times per week.
Methods
Reagents
In an attempt to reproduce the pathophysiological environment found in control and NTIS patients (10), cells were cultured at variable rT3 concentrations (total rT3, 0.3-1.18 nM) in 1 ml serum-free 0.1% BSA (resulting in a free rT3 fraction of 4.9%; 15-59 pM) (62) . The median values of IL-6 were 2.9 ng/l (range, 2-21 ng/l) in controls and 125 ng/l (range, 11-8,486 ng/l) in sick patients with septic shock, whereas TNF-α values were 6 ng/l (range, 4.1-14.9 ng/l) in controls and 28.8 ng/l (range, 9.1-94.1 ng/l) in sick patients, respectively (10, 27) .
Transfection conditions and assays in endogenous deiodinase-expressing cell lines. Transfection studies were performed using D1-, D2-, or D3-expressing plasmids (100 ng) transiently expressed in HEK-293 cells using lipofectamine reagent according to the manufacturers' instructions (Invitrogen by Life Technologies). A thymidine kinase-human growth hormone (TK-hGH) plasmid was used to confirm that transfection occurred at a constant efficiency, as described previously (63) . 48 hours after transfection, cells in 6-well plates were washed twice with sterile PBS and then cultured for 24 hours in 1 ml serum-free 0.1% BSA (resulting in an FT4 fraction of 2.7%; ref. 5′ Deiodinase assay. For measurements of activity in cell sonicates, the medium was removed, and cells were washed twice with PBS, harvested, and sonicated in 0.25 M sucrose in PE buffer (0.1 M potassium phosphate and 1 mM EDTA) with 10 mM DTT. We used 50-100 μg cell sonicate: 100,000 cpm [ 125 I]T4, 20 mM DTT, and 5 μM (for D1) or 4 nM T4 (for D2) in a final volume of 300 μl PE. These concentrations are approximately 2.5 times the estimated Km (T4) for D1 (2 μM) and 2 times the estimated Km (T4) for D2 (2 nM). Incubation was for 120 minutes at 37°C, and 125 I -was separated from labeled T4 by adding 200 μl horse serum and 100 μl 50% trichloroacetic acid (TCA) followed by centrifugation at 12,000 g for 2 minutes (16, 65) . D2 activity was completely blocked by the addition of 100 nM T4 to the reaction, whereas D1 activity was inhibited by 10 mM propylthiouracil (PTU). The 125 I -generated was expressed as the fraction of the total T4 counts minus the nonspecific deiodination in untransfected control cells (<5% of total [ 125 I]T4 counts) and corrected for the 50% reduction of specific activity relative to T4.
Deiodinase activity for D1 or D2 in intact cells was assayed as described previously (5) . Briefly, at the completion of the experiment, we added 200 μl horse serum to 300 μl medium and then added 100 μl 50% TCA. After vortexing, tubes were centrifuged at 12,000 g for 2 minutes. The 125 I -generated was expressed as the fraction of the total T4 counts minus the nonspecific deiodination in untransfected control cells (<5% of total [ 125 I]T4 counts) and corrected for the 50% reduction in the specific activity relative to T4. Net T3 production was calculated by multiplying the fractional conversion by the T4 concentration in the media (74 or 740 pM) and expressed as total T3 production/mg protein per 24 hours. We have previously demonstrated by HPLC that net iodide release in this system is specific and equivalent to T3 production, with the only exception being skeletal muscle (5, 16, 66) .
D3 assays. D3 activity in cell sonicates was determined using paper chromatography as previously described (refs. 67 and 68) . Cells were harvested and sonicated with 10 mM Tris-HCl, 0.25 sucrose buffer (pH 7. Sephadex LH-20 chromatography was used to measure the D3 activity in intact cells (33, 34, 69) . Briefly, at completion of the experiment, 300 μl medium was collected, and the reaction was stopped with 200 μl horse serum and 100 μl 50% TCA, followed by centrifugation at 12,000 g for 2 minutes to precipitate the nonmetabolized . The 1-ml fractions were collected and counted for radioactivity. Nonspecific deiodination was less than 1.5%. Net D3 activity was calculated by multiplying the fractional conversion by the T3 concentration in the media and expressed as T3 inactivation (fmol/mg protein per 24 hours). The reaction was saturated by excess unlabeled T3.
Determination of ROS production. Intracellular ROS production was performed by staining cells with CM-H2-DCFDA (Invitrogen), which is permeable to the cell membrane. A stock solution of the dye was reconstituted in molecular-grade DMSO to a concentration of 1 mM immediately before use. After removing growth medium and washing cells with prewarmed PBS, 70% confluent HEK-293, MCF-7, HepG2, or MSTO-211 cells on 6-well plates were incubated at 37°C for 30 minutes with prewarmed PBS containing DCFDA at a final concentration of 5 μM. Cells were scraped, centrifuged at 380 g for 3 minutes, resuspended, and counted. 12,000 cells were then incubated at 37°C for 1 hour with 500, 1,000, or 2,000 ng/l IL-6 or 100 μM H2O2, used as a positive control. The same number of cells was used as negative control. Fluorescence was measured using excitation and emission wavelengths of 490 nm and 535 nm, respectively. Samples were run in triplicate. Data were expressed as fold increase in fluorescence compared with buffer-treated control cells.
Reduced GSH assay. GSH levels were measured according to a standard method (16, 70) . Briefly, cells in culture dishes were washed with PBS and harvested in the presence of 300 μl of 20 mM sodium phosphate and 140 mM KCl buffer (pH 7.4). For the assay of extracellular GSH, 150 μl of the medium was used. Proteins were precipitated by adding sodium metaphosphoric acid to a final concentration of 1:1. Samples of cells and medium were centrifuged for 10 minutes at 7,000 g. 15 μl cell or medium preparation was incubated with an equal volume of o-phthaldialdehyde (1 mg/ml methanol) at room temperature for 15 minutes in the presence of 20 volumes (1:20, v/v) of 100 mM sodium phosphate buffer (pH 8.0) containing 5 mM EDTA. Fluorescence was measured using excitation and emission wavelengths of 350 nm and 420 nm, respectively. The calibration curve was performed with standard GSH (0.001-0.1 mM), and GSH concentrations were calculated as nmol/ml (extracellular levels) or nmol/mg protein (intracellular levels).
Real-time PCR. Total RNA was extracted from TT, MSTO-211, and MCF-7 cells with an RNeasy kit (Qiagen) and used to synthesize cDNA (SuperScript First-Strand Synthesis System for RT-PCR; Invitrogen). The generated cDNAs were used in a real-time PCR with a SYBR Green PCR Master Mix (Applied Biosystems) in ABI Prism 7500 Sequence Detection System (Applied Biosystems). Standard curves representing 5-point serial dilution of cDNA of the experimental and control groups were analyzed and used as calibrators of the relative quantification of product generated in the exponential phase of the amplification curve. The r 2 was greater than 0.99, and the amplification efficiency varied between 80% and 100%. Samples were measured by relative quantification (change in expression in the experimental group versus control; untreated versus treated cells). The data generated by ABI Prism 7500 system SDS software (Applied Biosystems) were then transferred to an Excel spreadsheet (Microsoft), and the experimental values were corrected to that of the cyclophilin A standard. The oligonucleotides used were the following: human D1, 5′-AAGAGGCTCTGGGTGCTCTTGG-3′ and 5′-GGTTCT-GGTGATTTCTGATGTC-3′; human D2, 5′-ACTTCCTGCTGGTCTA-CATTGATG-3′ and 5′-CTTCCTGGTTCTGGTGCTTCTTC-3′; human D3, 5′-TCCAGAGCCAGCACATCCT-3′ and 5′-ACGTCGCGCTGGTACT-TAGTG-3′; cyclophilin A (internal control), 5′-GTCAACCCCACCGT-GTTCTTC-3′ and 5′-ACTTGCCACCAGTGCCATTATG-3′.
Statistics. Unless otherwise specified, results are presented as mean ± SD. Data were analyzed using 2-tailed Student's t test or 1-way ANOVA followed by post-hoc Duncan multiple-range tests when F was significant. Linear regression analysis was also used to test concentration-dependent effects. Prism 5.0 software was used for statistical analysis; a P value less than 0.05 was considered significant.
